Speciation often involves the evolution of incompatible gene interactions that cause sterility or lethality in hybrids between populations. These so-called hybrid incompatibilities occur between two or more functionally divergent loci. We show that the nucleoporin 160kDa (Nup160) gene of the fruitfly Drosophila simulans is incompatible with one or more factors on the D. melanogaster X chromosome, causing hybrid lethality. Nup160 encodes a nuclear pore complex protein and shows evidence of adaptive evolution. Furthermore, the protein encoded by Nup160 directly interacts with that of another hybrid lethality gene, Nup96, indicating that at least two lethal hybrid incompatibility genes have evolved as byproducts of divergent coevolution among interacting components of the Drosophila nuclear pore complex.
A s species diverge from one another, they accumulate genetic substitutions that function within their own genomic background but, when brought together in hybrids, can disrupt gametogenesis (causing hybrid sterility) or development (causing hybrid lethality) (1, 2).
The evolution and genetics of these hybrid incompatibilities have been shown to follow specific rules. For instance, hybrid incompatibilities tend to accumulate gradually as species diverge (3); behave as partial recessives in hybrids (4); follow Haldane's rule [that is, the preferential sterility or inviability of hybrids of the heterogametic (XY or ZW) sex (5)]; and accumulate disproportionately on the X chromosome (that is, the large X-effect) (6, 7) . The molecular biology of hybrid incompatibilities has revealed that five of six hybrid incompatibility genes identified so far show signatures of recurrent adaptive evolution (8) (9) (10) (11) (12) (13) , which suggests that hybrid sterility and inviability generally evolve as incidental byproducts of positive natural selection. To test whether this emerging molecular rule of speciation holds for additional hybrid incompatibility loci, we performed a genetic screen for lethal hybrid incompatibilities between Drosophila melanogaster and D. simulans, two species that diverged~3 million years ago. Because all hybrids between D. melanogaster and D. simulans are sterile, we performed a chromosomal deletion (deficiency) screen to identify recessive lethal hybrid-incompatibility factors in the D. simulans autosomal genome in the F 1 generation (Fig. 1A) (14) . By screening~70% of the D. simulans autosomal genome with~200 deficiencies, we identified 20 small regions that cause hybrid lethality when combined with a hemizygous D. melanogaster X chromosome (14, 15) . In one of these 20 regions, we mapped a new hybrid lethality gene using chromosomal deficiencies from D. melanogaster to a region that includes 21 genes (Fig. 1B, , uncovers hybrid lethality ( Table 1 , line 6). To confirm that hybrid lethality is uncovered by the PBac{RB}RfC38 e00704 mutation (a piggyBac transposon insertion) and not an unidentified linked mutation, we generated revertant chromosomes that were genetically identical to the original PBac{RB}RfC38 e00704 chromosome, except that the piggyBac insertion is precisely excised ( fig. S1 ). We recovered eight independent revertant chromosomes that lacked the piggyBac insertion (PBac{RB}RfC38 e00704 -R1 to -R8), and all were viable in hybrid males (table S2), confirming that the piggyBac insertion unmasks hybrid lethality.
To determine which gene (or genes) is disrupted by PBac{RB}RfC38 e00704 , we analyzed the genomic flanking sequence of the insertion (16) and found that the overlapping 3´untrans-lated regions of two genes, CG4738 and RfC38, are disrupted (Fig. 1B) . Of these two genes, CG4738 is the stronger candidate on the basis of three observations: DNA sequences are more diverged between species at CG4738 than at RfC38 (58 fixed replacement differences versus 1, respectively); disruption of RfC38 mel is not generally associated with hybrid lethality because two other transposable element insertions that disrupt RfC38 but not CG4738 (P{lacW}RfC38 k13807 and PBac{WH}RfC38 f07177 ) do not unmask hybrid lethality (table S1, lines 2 and 9); and CG4738 encodes the predicted protein sequence of the Drosophila homolog of nucleoporin 160kDa (NUP160), a protein component of the nuclear pore complex. The latter finding is especially intriguing because we previously found that another nucleoporin gene, Nup96, causes hybrid lethality between these species (11) .
Although compelling, all three lines of evidence are circumstantial. We reasoned that if the D. simulans allele, Nup160 (Table 2, line 1), and hybrid males inheriting the PBac{RB} RfC38 e00704 insertion but no induced Nup160 mel expression (that is, no P{Tub-Gal4}) were lethal ( , and that D. simulans Nup160 is a lethal hybridincompatibility gene.
To confirm that Nup160 sim is incompatible with one or more factors on the D. melanogaster X chromosome, we switched the species origin of the X in hybrids. We constructed a D. melanogaster C(1)A, y/Y; PBac{RB}RfC38 e00704 /CyO stock, which possesses two X mel chromosomes fused to a single centromere that are transmitted together, and crossed females from this stock with D. simulans w; Lhr males. These crosses produce progeny with the same autosomal genotypes (and cytoplasm) as those in Fig. 1A , except that hybrid males inherit their X from D. simulans, whereas hybrid females inherit both X chromosomes from D. melanogaster ( fig. S2 ). [Attached-X mel hybrid females also inherit a Y sim chromosome, but the Y does not determine sex in Drosophila and is not essential for viability in these species (17 
sim causes hybrid lethality via an incompatible epistatic interaction with one or more factors on the D. melanogaster X chromosome and that Nup160 sim -dependent hybrid lethality occurs in both sexes.
To study the evolution of Nup160, we surveyed DNA sequence polymorphism and divergence within and between D. melanogaster and D. simulans from 12 isofemale lines of each species collected from Zimbabwe (15) . We tested the neutral mutation-drift model of protein evolution with the McDonald-Kreitman (MK) test (18) . The MK test rejects the neutral hypothesis for Nup160 and instead reveals a highly significant excess of fixed replacement differences between species (Table 3 , line 1), consistent with recurrent adaptive protein evolution. To distinguish whether adaptive evolution at Nup160 occurred during the history of one or both species, we polarized substitutions along lineages by using sequence data from the outgroup species, D. yakuba, and contrasted polymorphic and fixed mutations in the D. melanogaster and D. simulans lineages separately. These lineage-specific MK tests showed that Nup160 has experienced adaptive evolution in both lineages (Table 3, 
lines 2 and 3).
Despite its history of recurrent positive selection, we found no evidence for a recent selective sweep at Nup160 in either the D. melanogaster or D. simulans lineages. Selective sweeps should reduce local nucleotide diversity (19, 20) and shift the distribution of allele frequencies toward an excess of both rare variants (21) and highfrequency derived variants (22) . We found that mean silent nucleotide diversity, p, at Nup160 is similar to other autosomal loci sampled from African populations of these species (23, 24) 22) , two summaries of the allele frequency spectrum, deviate significantly from standard neutral equilibrium expectations in either species (D. melanogaster, D = -0.511 and H = -14.273; D. simulans, D = 0.134 and H = 7.455; P ≥ 0.124 in all tests). These findings suggest that recurrent positive selection drove sequence evolution at Nup160, but that none of the selected substitutions occurred recently (that is, within the past~0.1 N e generations, where N e is the effective population size).
Our current and previous (11) findings show that two rapidly evolving autosomal genes from D. simulans, Nup160 sim and Nup96 sim , are incompatible with one or more factors on the D. melanogaster X chromosome. NUP160 and NUP96 are members of the NUP107 subcomplex, a subset of interacting nucleoporins that together form a stable architectural component of the nuclear pore complex (NPC), the macromolecular structures that mediate all molecular traffic between the nucleus and cytoplasm (25) . The structure, function, and interactions among particular nucleoporins seem largely conserved among eukaryotes (26) . In addition to NPC functions, members of the NUP107 subcomplex also contribute to kinetochore function (27) , cell cycle progression (28) , and dosage compensation in Drosophila males (29) . In D. melanogaster, three other Nup107 subcomplex genes (including Nup96) have histories of adaptive evolution, similar to that observed here for Nup160, whereas in D. simulans six others have histories of adaptive evolution (30) . The components of the dosage compensation complex (31, 32) and its X chromosome-binding sites have also evolved by positive selection between D. melanogaster and D. simulans (33) . However, it is unlikely that the rapid evolution of Nup160, and other members of the Nup107 subcomplex, reflects coevolution with the dosage compensation pathway or that hybrid inviability involves a disruption of dosage compensation in hybrids. For one, the rapid evolution of dosage compensation is largely limited to the D. melanogaster lineage (31) (32) (33) /Y sim hybrid females, excluding a loss-of-function disruption of dosage compensation-a male-specific problem-as the cause of hybrid lethality. Instead, the recurrent bouts of adaptation of Nup107 subcomplex genes are most likely driven by selection arising from evolutionary conflict involving pathogens, retrotransposons, or meiotic drive elements (30, 34) .
As part of the NUP107 subcomplex, NUP160 and NUP96 interact directly (25) , raising the possibility that Nup160 sim and Nup96 sim are incompatible with the same X-linked factor(s) from D. melanogaster. The D. melanogaster allele Nup153 mel is a strong candidate X-linked partner for both Nup96 sim and Nup160 sim : Nup153 has a history of adaptive evolution (30) , its protein interacts physically with the NUP107 subcomplex (35) , and it is the only known interacting nucleoporin encoded on the X chromosome. However, it is not clear whether Nup160 and Nup96 are involved in two distinct two-locus hybrid incompatibilities with the D. melanogaster X or whether they are components of one complex hybrid incompatibility (that is, one involving more than two loci). Theory predicts that complex hybrid incompatibilities should evolve more readily than simple hybrid incompatibilities (36) , and there is the suggestion that complex hybrid incompatibilities may be typical [for example, (9, 37)]. Regardless of whether nucleoporinbased hybrid lethality has a simple or complex basis, our study suggests that the adaptive coevolution of a large multi-protein complex may have given rise to multiple hybrid-incompatibility genes. These findings suggest that divergent coevolution among the interacting partners of macromolecular complexes, particularly those prone to evolutionary conflicts, may drive the evolution of molecular incompatibilities that contribute to speciation. Ants dominate terrestrial ecosystems through living in complex societies whose organization is maintained via sophisticated communication systems. The role of acoustics in information exchange may be underestimated. We show that Myrmica schencki queens generate distinctive sounds that elicit increased benevolent responses from workers, reinforcing their supreme social status. Although fiercely defended by workers, ant societies are infiltrated by specialist insects that exploit their resources. Sounds produced by pupae and larvae of the parasitic butterfly Maculinea rebeli mimic those of queen ants more closely than those of workers, enabling them to achieve high status within ant societies. We conclude that acoustical mimicry provides another route for infiltration for~10,000 species of social parasites that cheat ant societies.
T he main attribute that enables ants to dominate in most terrestrial ecosystems is their ability to live in complex societies whose cohesion is regulated by highly developed communication systems (1) . Information is primarily transferred through exchanging distinctive semiochemicals, which, combined with physical contact, initiate and integrate different behaviors by colony members, providing a mechanism for caste determination and for recognizing and behaving appropriately to nestmates, non-kin ants, and potential intruders (1-3). In addition, the adults in 4 of the 11 subfamilies stridulate by scraping a plectrum located on an anterior segment of the abdomen (post-petiole) across a file ( pars stridens) on the first segment of their gaster (1, 4) .
About 10,000 other species of invertebrates from 11 orders have evolved adaptations to infiltrate ant societies and feed as social parasites on the rich resources concentrated inside nests (1, 5) . Achieving this penetration generally includes the corruption through mimicry of their host's communication systems. The lycaenid butterfly Maculinea rebeli is among the betterunderstood examples. After briefly feeding on gentians, its final instar larvae are carried by Myrmica schencki workers (in Western Europe) into their nest, where the butterflies acquirẽ 98% of their ultimate biomass before pupating 11 to 23 months later (5, 6) . Inside the brood chambers, M. rebeli caterpillars beg like ant larvae and secrete semiochemicals that so closely mimic the surface hydrocarbons on Myrmica schencki larvae (7) that they are fed directly with regurgitations by the workers (6). However, neither begging nor chemical mimicry explains the high rank achieved by M. rebeli within its host's social hierarchy. For example, inert dummies painted with the surface pheromones of kin ant larvae or workers are retrieved in preference to dummies painted with M. rebeli's mimetic allomones (8) , yet living M. rebeli larvae are rescued in preference to ant larvae when a colony is disturbed (9) . Furthermore, nurse workers kill and feed their own brood to the social parasite if food is scarce (6, 10) . We even observed Myrmica schencki queens treat Maculinea rebeli larvae or pupae like rivals (11) (fig. S1 ), whereas the workers regularly treat them like royalty (6) . Lacking other cues, we speculated that the butterfly's elevated status might be achieved through mimicry of Myrmica schencki acoustics. Whereas Myrmica larvae are mute, distressed Maculinea larvae generate sounds that resemble the alarm stridulations of (adult) Myrmica workers (12) . To be fully adaptive, the parasite would need to emulate the typical stridulation patterns of the most valued colony members, the queens. This, in 
